Valence and Na content dependences of superconductivity in Naa;Co02 ■ yH20 



Hiroya Sakurai,^' Naohito Tsujii,'^ Osamu Suzuki,'^ Hideaki Kitazawa,'^ Giyuu 

Kido,'^ Kazunori Takada,^ Takayoshi Sasaki,* and Eiji Takayama-Muromachi^ 

^Superconducting Materials Center, National Institute for Materials Science, Namiki 1-1, Tsukuba, Iharaki 305-0044, Japan 

^International Center for Young Scientists, National Institute for 
Materials Science, Namiki 1-1, Tsukuba, Ibaraki 305-0044> Japan 
Nano Materials Laboratory, National Institute for Materials Science, Sengen 1-2-1, Tsukuba, Ibaraki 305-0044, Japan 
'^Advanced Materials Laboratory, National Institute for Materials Science, Namiki 1-1, Tsukuba, Ibaraki 305-0044, Japan 

(Dated: February 2, 2008) 

Various samples of sodium cobalt oxyhydrate with relatively large amounts of Na"*" ions were 
synthesized by a modified soft-chemical process in which a NaOH aqueous solution was added in the 
final step of the procedure. From these samples, a superconducting phase diagram was determined 
for a section of a cobalt valence of ~-|-3.48, which was compared with a previously obtained one of 
~-|-3.40. The superconductivity was significantly affected by the isovalent exchanger of Na^ and 
ffaO"*", rather than by variation of Co valence, suggesting the presence of multiple kinds of Fermi 
surface. Furthermore, the high-field magnetic susceptibility measurements for one sample up to 30 
T indicated an upper critical field much higher than the Pauli limit supporting the validity of the 
spin-triplet pairing mechanism. 



The sodium cobalt oxyhydrate Naa;Co02 • ?;H20 has 
been studied intensively since the discovery of a super- 
conducting transition below about 5 K 0| . Superconduc- 
tivity can be induced in a C0O2 layer having a triangular 
lattice of Co and this superconductivity is considered to 
be of an unconventional type 0, 0] ■ Supporting the ex- 
istence of this exotic superconductivity, it has recently 
been discovered that, in this system, a magnetically or- 
dered phase is located just next to the superconducting 
phase 0, Q , implying that the superconductivity has a 
certain magnetic origin. On the other hand, theoretical 
studies have pointed out the importance of multi-orbital 
effects and the possible triplet pairing of Cooper pairs 
with p- and/or /-wave symmetry 0. 

However, there are still serious discrepancies in ex- 
perimental results among some cases even for proper- 
ties that are critical for understanding superconductivity. 
One such case of discrepancies is among superconducting 
phase diagrams. Two kinds of x dependence of Tq have 
been reported 0, [1| , which is probably due to the fact 
that the Co valence is not determined by the Na con- 
tent alone; the oxyhydrate includes a significant amount 
of oxonium ions and the rigorous chemical formula is 
Naa;(H30)^Co02 • 2;'H2 0, rather than Na:^Co02 • 2/H2O, 
which has often been used previously Q. Thus, we have 
to consider three compositional parameters, x, z, and 
y' , although the variation of water content is not signif- 
icantly large. Milne et al. have reported a revised T-s 
(s: Co valence) phase diagram with considerion of the 
oxomium ion llOj. Their phase diagram is, however, still 
far from sufhcient because it is not obvious that the prop- 
erties of the system are governed only by s. Indeed, it 
has been recently elucidated that the ratio oi z/x is a 
crucial parameter governing the phase diagram [a| . Fur- 
thermore, their range of Co valence is much lower than 
those reported by other groups 0, 0, 0| . 



The H-T phase diagram {H: magnetic field) is also an 
issue of disagreement because the upper critical fields Hc2 
reported thus far show very large variation. Hc2{T = 0) 
perpendicular to the c axis, which was estimated from 
electrical resistivity measurements, is about 8 T, as de- 
termined for samples with Tc = 4.2 K and 4.5 K 
This value may look reasonable because it is close 
to the Pauh hmit of 1.84Tc [H, However, much 

higher Hc2 values have also been reported from magnetic 
and thermal measurements, such as 15.6 T for a sample 
with Tc = 3.7 K flS^, 17.1 T for = 4.7 kE3, 28 T for 
Tc = 4.3 K 20J, and 61 T for T^ = 4.6 K Hjrhese val- 
ues were obtained by extrapolating the data under lower 
magnetic fields using the WHH model j2^. However, it is 
not obvious whether the WHH model and the Pauli limit 
are adequate for the present system because they are not 
applicable for spin-triplet superconductivity. Indeed, a 
theoretical calculation for the compound has predicted 
spin-triplet superconductivity with Tc negligibly reduced 
by the magnetic field 0|. In other words, the determina- 
tion of Hc2 is key to checking the theory. 

In the previous study, we drew the phase diagram 
for the Na^(H30)zCo02 • y'H20 system taking z/x as 
a parameter and keeping the Co valence constant at s 
— -1-3.40, i.e., the s — 4-3.40 cross-section of the three- 
dimensional T-x-z phase diagram Surprisingly, su- 
perconductivity appears in separate regions in this sec- 
tion, sandwiching a magnetically ordered nonsupercon- 
ducting phase. This phase diagram strongly suggests 
that magnetic correlation is the origin of superconduc- 
tivity, but a correlation that is too strong suppresses su- 
perconductivity, and instead, magnetic ordering takes its 
place. In addition, the H-T phase diagram for an s = 
-1-3.40 sample indicated that the superconducting phase 
can be transformed to the magnetic phase by applying a 
high magnetic field. 
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V (ml) 


Na content, x 


Co valence, s 


NaOH series 





0.332 


+3.48 




10 


0.346 


+3.48 




20 


0.354 


+3.49 




30 


0.357 


+3.50 




40 


0.358 


+3.47 




100 


0.368 


+3.47 




500 


0.380 


+3.49 


HCl series 





0.350 


+3.41 




2 


0.346 


+3.40 




4 


0.346 


+3.41 




6 


0.336 


+3.40 




8 


0.322 


+3.40 




10 


0.302 


+3.36 



TABLE I: Na content and Co valence of the NaOH and HCl 
series of samples as determined by chemical analyses. The 
V value represents the volume of added NaOH/HCI aqueous 
solution. 



Considering the aforementioned progress of research, 
it is highly desired at present to determine the phase re- 
lations for a different Co valence to obtain an overview 
of the entire three-dimensional phase diagram. Further- 
more, high-field magnetic susceptibility measurements 
for a well-characterized sample are desired to elucidate 
the phase relationships in the H-T diagram. In the 
present study, we systematically synthesized samples by 
soft-chemical processes while controlling their composi- 
tion, and the magnetic susceptibility of one sample was 
measured up to an extremely high field of 30 T. 

The samples were obtained by a method similar to that 
previously reported 5] . In the previous study, we added 
HCl aqueous solution into the system in the final step of 
the procedure to obtain samples with various z/x values 
depending on the volume of HCl solution but with the 
constant s value of +3.40 (HCl series of samples). In 
the present study, a NaOH aqueous solution was added 
in the final step of the procedure (NaOH scries of sam- 
ples). First, Ig of Nao.7Co02 precursor was immersed 
in Br2/CH3CN for 5 days at room temperature, and fil- 
trated samples were immersed in 400 ml of distilled water 
for 3 days. Then, WNaOH of 0.1 M NaOH aqueous so- 
lution was added to the water (instead of t'NaOH = 
and 500 ml, 10 ml and 50 ml of 1 M NaOH solution were 
really used, respectively), then the samples were kept for 
3 more days before performing a final filtration. The sam- 
ples were characterized and measured after being stored 
in air with 70% humidity for more than 3 weeks. 

The sample with ^NaOH — ^^'^ ^^'^ largest Na 

content and a very small amount of the secondary phase 
of anhydrate Naa;Co02 was detected in its XRD pattern 
(the ratio of the peak intensities of the secondary phase 
and the main phase was about 0.08%). This suggests that 
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FIG. 1: Lattice parameter, c, of NaOH (full circles) and HCl 
(open circles) series of samples. The dotted lines are guides. 



the solid solution terminates near this composition. All 
other NaOH samples were identified as being of a single 
phase by XRD analysis. The c-axis length decreases with 
increasing Na content as shown in Fig. ^ confirming the 
substitution of the smaller Na+ ion for the larger H3O+ 
ion. 

As discussed previously, the following two side reac- 
tions should be considered for the hydration process in 
addition to the intercalation of the water molecules. 



Na,Co02 + bR20 ^ Naa^;,/2(H30),/2Co02 



6/2NaOH 
(1) 



Na^CoOs + 6H2O ^ Naa(H30)2fc/3Co02 + V6O2 (2) 

According to reaction Q the sodium ion content (the 
oxonium ion content) of the final product is expected 
to increase (decrease) with increasing i^NaOH- On the 
other hand, reaction |21 suggests a decrease in the Co va- 
lence with increasing ^NaOH 0- Table U results of 
the chemical analysis for the NaOH series of samples are 
shown in comparison with the data for the previous HCl 
series of samples . As can be seen in the table, the Na 
content increases systematically as a function of I'NaOH 
in accordance with reaction^ 

On the other hand, the analytical data of the Co va- 
lence are not fully understandable. First, there is a sig- 
nificant difference in Co valence (and in sodium content 
though the difference is much smaller) between samples 
of the two series with fjjCl ~ ^"^^1 ^NaOH = 
These samples were from different batches but were pre- 
pared by essentially the same procedure and should have 
the same analytical values. The difference in Co valence 
is not negligible and it may suggest that there are still 
unknown factors in the hydration process and we have 
not fully controlled the process. Second, the Co valence 
is kept almost constant at ^+3.48 in the NaOH series 
of samples independent of wj^aOH- Reaction |21 proceeds 
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FIG. 2: Magnetic susceptibility of the NaOH series measured 
under 0.001 T (a) and 7 T (b). The data were collected under 
zero- field cooling and field cooling conditions, although only 
FC data are shown in the panel of (b). 

under an alkaline condition and, thus, a systematic de- 
crease in Co valence is expected with increasing fNaOH- 
This is not really the case, which implies a more com- 
plicated situation exists. In spite of these uncertainties, 
the analytical data of the NaOH series of samples are 
quite favorable for our further experiments because from 
this new series of samples we can obtain a different cross 
section of the T-x-z phase diagram with s = 3.48. 

All of the NaOH series of samples show superconduc- 
tivity with Tc depending on x as seen in Fig. Ol^a). From 
these results, the phase diagram is depicted as shown in 
Fig. 13 It should be stressed again that the Co valence 
is kept almost constant at ^--^-1-3. 48 and the change in Tc 
is caused by the isovalent substitution between the Na+ 
and HsO"*" ions. The superconductivity appears even for 
0.33 < a; < 0.35, where the magnetic phase is located in 
the cross section for the HCl series of samples as shown in 
the inset of Fig. |21|5|. This remarkable difference should 
be caused by the difference in Co valence between the two 
series of samples. Namely, the region of the SGI phase 
obtained for the HCl series seems to extend to the lower 
X direction when the Co valence increases from -1-3.40 to 
-h3.48. 

The superconductivity of the system depends strongly 
on the substitution between Na"^ and H3O+ (on the z/x 
ratio) as seen in both cross sections of Fig. |3| and this 
suggests that the shape and/or size of the Fermi sur- 
face of the present compound is substantially affected 
by the substitution. Band calculations have led to the 
proposal of the presence of small hole-like pockets near 
the K-points as well as a large cylindrical Fermi surface 
around the F-point [i^ . The size of the hole- like pock- 
ets is expected to be quite sensitive to the thickness of 
the C0O2 layer [Uliil- With increasing H3O+ content, 
the oxygen ions in the C0O2 layer will be attracted less 
strongly to the Na+ZHsO"*" ions moving toward the Co 



FIG. 3: Superconducting phase diagram determined from 
Fig. 13 a), which is a cross section of the three-dimensional 
x-z-T phase diagram at s = ~-|-3.48. The inset shows the 
cross section at s = ~-|-3.40 obtained from the HCl series 
of samples |^. SC and M denote the superconducting and 
magnetically ordered phases, respectively. 



ions due to the expansion of the distance between the 
oxygen atoms and the Na^/HaO^ plane. Thus, the sub- 
stitution of H3O+ for Na"^ is expected to make the C0O2 
layer thinner and the size of the hole-like pockets larger. 

Compared with the Na+ZHsO"*" exchange, the less pro- 
nounced influence of the Co valence (carrier density) on 
superconductivity is worth noting. This also suggests the 
presence of two kinds of Fermi surface because the carrier 
density is expected to have a marked effect on the super- 
conductivity if a single Fermi surface is assumed. On the 
other hand, angle-resolved photoemission spectroscopy 
(ARPES) experiments have shown a single Fermi surface 
on anhydrate Na^CpOo without the presense of any hole 
pockets [H, 113, I2I El- This result is important be- 
cause many theories proposed thus far [y, |30j are based 
on multiple kinds of Fermi surface: hole pockets around 
the K-points or small electron pockets at the F-point 'So'l 
in addition to the large hexagonal cylindrical Fermi sur- 
face centered at the F-point jl^. However, we should 
note here the fact that the thickness of the C0O2 layer 
(1.78 - 1.80 A P,P|) in the superconducting hydrate is 
about 10% smaller than that of the anhydrate (1.93 - 
1.97 A depending on the x value ranging from 0.40 - 0.84 
El m Ei)- This difference in layer thickness can 
cause a significant modification of the band structure as 
mentioned above. Indeed, a PES study has indicated a 
qualitative difference in band structure between the hy- 
drate and the anhydrate 0|, and moreover, another PES 
study has supported the existence of two kinds of Fermi 
surface for the superconductor |35l | . 

In the previous study, we found that the superconduct- 
ing phase is transformed into the magnetic phase under 
a high magnetic field when it is located in the vicinity 



4 




r(K) T{K) 

FIG. 4: Magnetic susceptibility of the i^NaOH ~ sam- 
ple measured under 14 T (a) and 30 T (b). The T-axis is 
in the logarithm scale. The dotted lines denote the magnetic 
susceptibility of the samples under 7 T. 

of the magnetically ordered M phase in the phase dia- 
gram 0,Ea|- The WNaOH — sample with x — 0.332 
exhibits the transformation in question at ~ 4 K under 
'-^ 4 T, and indeed, its susceptibiUty has a bend at 6 
^ 7 K under 7 T as seen in Fig. I^b) indicating mag- 
netic ordering. On the other hand, the "yNaOH ~ 
and 500 ml samples do not show the anomaly under 7 
T which is characteristic of the magnetic transition. In- 
stead, they seem to show signs of superconductivity with 
saturation of the susceptibility in the low-temperature 
region, although it is unclear. The present results sup- 
port the idea that the SCI phase region extends in the 
lower X direction with increasing Co valence from -t-3.40 
to -f 3.48. It is not clear at present whether the M phase 
exists under no or low magnetic field in the s = -1-3.48 
section of the diagram. The SCI and SC2 phases are 
possibly combined with each other under a low magnetic 
field in the high Co valence section and the M phase may 
appear only under a high magnetic field in this section. 

High-field magnetic susceptibilities up to 30 T were 
measured for the WNaOH ~ sample having the 

highest Tc among the present samples by an extraction 
method under the field generated by a hybrid magnet 
(Gama) at the Tsukuba Magnet Laboratory (the field 
below 15 T was generated using only a Gama supercon- 
ducting magnet). As can be seen in Fig. ^a), in spite 
of the rather large dispersion of the data, the suscepti- 
bility under 14 T shows a downturn below about 4 K 
indicating the superconducting transition. It should be 
noted that this field is much higher than the Pauli limit 
of 1.84rc = 8.6 T [11 [l3- The superconducting transi- 
tion was still observed under 20 T and seems to survive 
even under 30 T (see Fig. Elb)) although it becomes 
less clear due to reducion of the superconducting vol- 
ume fraction by the field. In addition, as seen in Fig. 
|2Ib), Tc of the sample under 7 T is much higher than 
~2 K or ^^2.6 K, which were reported for the samples 



having i?c2 = --8 T [H [Tl| . Thus, it is clear that Hc2 
can become higher than the Pauli limit depending on the 
sample. Our aforementioned results indicate that a com- 
pound located close to the magnetic phase in the phase 
diagram has a low Hc2 due to the transformation to the 
magnetic phase under a high magnetic field while one 
located far from the magnetic phase has a much higher 
Hc2- A spin-triplet pairing mechanism with a large Hc2 
value based on strong magnetic fluctuations for holes on 
the hole pockets has been theoretically proposed, and 
recently, this theory has been supported experimentally 
[37j . The present finding of Hc2 much higher than the 
Pauli limit also supports the validity of this mechanism. 

In conclusion, the x-T superconducting phase diagram 
was determined using well-characterized samples and was 
compared with the previous diagram drawn for s — 
^^-1-3. 40. The s = -t-3.48 section of the diagram was dif- 
ferent from the s = -f 3.4 section. It was proved that the 
superconductivity is very sensitive to the ion exchange 
between Na+ and H3O"'' (the x/z ratio), and less sensi- 
tive to the Go valence. This result seems to support the 
presence of multiple kinds of Fermi surface in which small 
hole-like pockets near the K points are expected to be 
changed significantly by the ion exchange. Furthermore, 
high-field magnetic susceptibility measurements for one 
sample indicated the survival of superconductivity up to 
at least 20 T. Such a high Hc2 supports the recently pro- 
posed spin-triplet pairing mechanism both theoretically 
and experimentally. 
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